ABSTRACT The suggestion in the literature that dispersal of the Colorado potato beetle, Leptinotarsa decemlineata (Say), by ßight is stimulated by crowding was tested in three ßight chamber experiments. In the Þrst experiment the rate of take-off in ßight chambers averaged 35.0% (SE Ϯ 5.64) over a 3-h period. The rate of ßight take-off was independent of insect density (2Ð128 beetles per release) or age (7Ð18 after emergence). For the second experiment the cumulative incidence of ßight take-off rates during a 3-h period was similar for all insect densities. The mean percentage of beetles that ßew was greatest in the Þrst 30 min, was low during the following 30 min and minimal thereafter. At the highest density tested, i.e., 128 beetles per release, the take-off rate was initially lower; however, it resulted in the same 3-h cumulative rate as for other densities. The data show that interactions between crowded individual adult potato beetles do not promote ßight take-off and might occasionally lower it. The third experiment included a 1-h acclimatization to the experimental setup but had no effect on the mean rate of ßight take-off or its pattern over the subsequent 3-h period. These results provide evidence that the massive dispersal of adult beetles occasionally observed in potato Þelds is not the result of crowding as suggested by some, but is probably caused by the poor quality or near absence of the host plants (food source) in the Þelds with abundant beetles.
DISPERSAL PLAYS AN important role in the regulation of Colorado potato beetle, Leptinotarsa decemlineata (Say), populations (Weber and Ferro 1994) . The spread of this species throughout North America and now toward Asia was achieved by walking and ßight dispersal assisted by wind and human transport (Jolivet 1991, Ferro and Boiteau 1993) . At another level, dispersal of adult Colorado potato beetles by walking and ßight results in the colonization of host plants as far away as 1Ð2 km from overwintering sites or areas with a depleted food source Ferro 1990a, Weisz et al. 1996) . The relative importance of ßight and walking in population recruitment is very variable (Boiteau et al. 1994 , Ferro 1995 , Weber et al. 1995 , Boiteau 2000 , but ßight can be at least as important as walking (Boiteau 2000) .
Abiotic factors play a critical role in the regulation of recruitment by ßight. For example, the adult Colorado potato beetle has evolved a complex behavioral sequence for ßight take-off (Boiteau 2000) that requires warm temperatures to initiate ßight activity. Flight muscles must be warm enough to produce muscular power sufÞcient for wings to beat with an amplitude and frequency that will elevate the adult beetle above the substrate (Johnson 1969, Holliday and Parry 1987) . Optimal temperature for Colorado potato beetle ßight activity has been reported to be within the 20 Ð25ЊC range with ßight initiation occurring only at an ambient air temperature higher than 17ЊC (Caprio and GraÞus 1990) .
There is also strong evidence for density-regulated dispersal in insects (Price 1997) . Nevertheless, it is not always clear if dispersal occurs in response to an increase in density or a food shortage resulting from the abundance of the insects present (Williams 1988) . Large populations of adult Colorado potato beetles have been reported to disperse massively Ferro 1990b, Hoy et al. 1996) . These observations, however, generally occurred toward the end of the growing season, and in severely defoliated Þelds or following a point release of high adult beetle densities (Zehnder and Speese 1987 , Williams 1988 , Alyokhin and Ferro 1999 , Noronha and Cloutier 1999 . It is not apparent from these studies if these events involved equal numbers of walking and ßying adult beetles. The current study is an investigation of the potential contribution of ßight upon dispersal.
Based on the literature and preliminary Þeld observations, we hypothesized that ßight dispersal in adult Colorado potato beetles is not regulated by population density itself but instead by factors resulting from crowding, such as food deprivation or absence of host plants. We predicted that the rate of Colorado potato beetle ßight take-off would remain similar over a wide range of densities for fed beetles. The prediction was tested by placing seven different densities of fed adult Colorado potato beetles on a cone shaped object (acting as a release point) in a ßight chamber and recording the number of adults that ßew.
Materials and Methods
Flight Chamber Setup. The three identical ßight chambers used in this experiment were located at the Agriculture and Agri-food Canada Potato Research Center in Fredericton, New Brunswick. Each ßight chamber was 70 cm square by 100 cm high and positioned on a wire mesh table. A 50-cm square plywood door, with a Plexiglas window, was hinged to the front of the chamber. The window was equipped with a removable, light proof, black cloth covering held in place with Velcro strips. The cloth prevented additional light from entering the chamber through the door but at the same time could be removed at the predetermined time intervals to allow the operator to monitor the adult Colorado potato beetles without disrupting their activity.
A light box, which contained a high pressure sodium light (PL Light Systems, Canada-Phillips 400 W C400S51, Beamsville, ON) providing 150 W/m 2 , was installed on the top of each ßight chamber. A screened opening, located in the center of the ceiling, enabled light to enter the ßight chambers. The interior of the ßight chambers was covered with a white Þbrous material (Ty-vek Dupont, Mississauga, ON). A variable speed fan forced air downward through the light box and out the screened ßoor of the ßight chambers. The adjusted airßow (0.11 m/s) was found empirically and is believed to enhance ßight. Before each test the temperature and wind speed inside the ßight chambers were monitored at two different heights (15 and 25 cm), using a digital temperature and wind probe. This ensured that conditions remained consistent among all ßight chambers. Temperature was controlled through an automated system driven by a Honeywell (Morristown, NJ) control box. The vertical gradient was found to be stable at a low of 25ЊC and the high being 31ЊC. Each ßight chamber was equipped with a centrally located take-off point, i.e., a Styrofoam cone that was 15 cm in diameter and 30 cm in height. Temperature at beetle height, top of release cone, was consistent at 24ЊC.
Insects. The Colorado potato beetles originated from a laboratory colony, reestablished yearly from Þeld populations. The beetles were reared on potted potato plants (Solanum tuberosum L. ÔRusset BurbankÕ) under long day conditions, 16:8 (L:D) h, in a greenhouse set at 20 Ð25ЊC. These adult beetles were referred to as "summer adults" because they had not undergone diapause. Upon emergence from the soil, beetles were maintained in 48 by 73 by 58-cm screen cages (Ϸ60 beetles/cage) and fed on potato plants until placed in the ßight chamber for tests.
Experimental Procedure. Adult Colorado potato beetles take ßight at an angle, therefore, the top of the release cone provided an appropriate take-off point. Black plastic garden edging, 15 cm high, was positioned around the release cone as a barrier, 1.3 cm from the base of the release cone. The edging was dusted with soil to prevent the adult beetles from climbing the sides (Boiteau et al. 1994) .
The Colorado potato beetle densities tested were 2, 4, 8, 16, 32, 64, and 128 beetles per release cone. The fed adult beetles were carefully removed from screen cages, placed on the release cone with as little handling as possible, and tested as outlined below. The data collected were analyzed using Statistical Analysis Software (SAS Institute 1990) with level of signiÞ-cance of ␣ ϭ 0.05.
Experiment 1: Effect of Density and Age on Flight Take-off Rate. The percentage of ßight take-off for adult potato beetles following 3 h in a ßight chamber was measured using three age groups: 7Ð10, 11Ð14, and 15Ð18 d old. Within each age group, four replications of the 2, 4, 8, 16, 32, 64 beetles per release cone and three replications of the 128 beetles per release cone were tested. Before the experiment treatments were randomly assigned to one of the three identical ßight chambers. On average, six tests were conducted in a day. An analysis of variance (ANOVA) was performed on the percentage of adult beetles, for each age group and density, that ßew from the release cone after 3 h in the ßight chamber. Combining all data, regardless of age group, an ANOVA was performed on the percentage of adult beetles that ßew from the release cone for each density.
Experiment 2: Effect of Density on the Pattern of Flight Take-off Over Time. To examine if there was a change in the rate of ßight take-off over time, which was measured as the percentage of beetles that ßew from the release cone every 15 min for three consecutive hours, and if it remained the same between densities. The beetle densities tested were the same as in Experiment One as was method of randomization. In this experiment, however, only one age group (11Ð16 d) was used. There were seven replications conducted for the 2, 4, 8, 16, 32, and 64 beetles per release cone and six replications for the 128 beetles per release cone. Before the experiment treatments were randomly assigned to one of the three identical ßight chambers. On average six tests were conducted in a day. The tests were started with a difference of Ϸ5 min in order for the operator to conduct three tests simultaneously. A repeated measures ANOVA with between-subjects factors was performed on the recorded data. The within-subjects test (main effect test) was performed to ascertain whether the percentage of adult Colorado potato beetles that had taken ßight from the release cone changes with time. The within-subjects test (interaction of time and density) was performed to ascertain whether the percentage of adult Colorado potato beetles that had taken ßight from the release cone, during the 3 h, depended on density levels. The between-subjects test was performed to determine whether there was an overall signiÞcant difference at the end of the 3 h. The use of repeated measures ANOVA controls extraneous variation among subjects because all treatments are applied on the same subjects (Crowder and Hand 1990) .
Experiment 3: Effect of Acclimatization on the Pattern of Flight Take-Off Over Time. To determine if the dispersal pattern was in response to factors such as handling (agitation dispersal) or time duration without food, ßight was prevented for an hour after the introduction of adult Colorado potato beetles into the ßight chamber. Colorado potato beetles were carefully placed on the release cone and covered with a 2-liter, translucent, hard plastic container for 1 h. The container was dusted with soil to prevent beetles from climbing the sides. This aided in the prevention of further handling during the removal of the container before the test. Temperature was monitored using a portable probe to ascertain that temperature within the capped container remained the same as that recorded in the ßight chamber. The period of ßight prevention allowed beetles sufÞcient time to adjust to changes in temperature and other possible disturbances caused by the movement from the screen cages to the ßight chambers. In this experiment only one age group (11Ð16 d) was used. The densities tested were 8, 16, and 32 beetles per release cone. There were four replications of each density. Before the experiment treatments were randomly assigned to one of the three identical ßight chambers. On average, six tests were conducted in a day. The tests were started at different times in order for the operator to conduct three tests simultaneously. After the removal of the container, the number of ßights were recorded every 15 min for the three subsequent hours. A repeated measures ANOVA with between-subjects factors was performed on the recorded data. The within-subjects test (main effect test) was performed to ascertain whether the percentage of adult Colorado potato beetles that had taken ßight from the release cone changes with time. The within-subjects test (interaction of time and density) was performed to ascertain whether the percentage of adult Colorado potato beetles that had taken ßight from the release cone, during the 3 h, depended on density levels. The between-subjects test was performed to determine whether there was an overall signiÞcant difference at the end of the 3 h. To determine whether ßight from the cone differed due to different conditions (adult beetles which had been "contained" for acclimatization for an hour to that of the "noncontained" adult beetles) ANOVA tests were performed on the dispersal rates of the 8, 16, and 32 densities from both experiment 2 and 3.
Results

Effect of Density and Age on Flight Take-off Rate.
There were no signiÞcant differences in the mean percentage of ßight take-off for adult Colorado potato beetles, for any of the three age groups, between density treatments tested (F ϭ 1.01; df ϭ 20, 60; P ϭ 0.4684). Therefore, the age groups could be combined (Fig. 1) . The mean percentage of ßight take-off over a 3-h period was similar across all Colorado potato beetle densities from two beetles per release cone up to 128 beetles per release cone (F ϭ 0.44; df ϭ 6, 74; P ϭ 0.8482), averaging 35.0% (SE Ϯ 5.64).
Effect of Density on the Pattern of Flight Take-off
Over Time. The mean rate of ßight take-off by the Colorado potato beetles changed signiÞcantly as a function of time (F ϭ 66.62; df ϭ 11, 451; P ϭ 0.0001). In general, the mean percentage of beetles that ßew was greatest in the Þrst 30 min, was low during the following 30 min and minimal thereafter. (Fig. 2 A) . The mean rate of ßight take-off for the different den- sities tested, however, did not differ signiÞcantly during the 3-h period (F ϭ 1.36; df ϭ 66, 451; P ϭ 0.1602). There was no signiÞcant difference of overall ßight between beetle densities at the end of the 3 h (F ϭ 1.13; df ϭ 6, 41; P ϭ 0.3625). A trend for a lower, more consistent rate of ßight take-off, however, was noted at the highest beetle density (128 beetles per release cone) tested (Fig. 2A) .
Effect of Acclimatization on the Pattern of Flight Take-off Over Time. The cumulative pattern for the mean rate of ßight take-off by adult Colorado potato beetles, acclimatized for 1 h in the ßight chamber before their release, was similar (Fig. 2B) to that for adult beetles released immediately (Fig. 2A) . The mean rate of ßight take-off by the Colorado potato beetle s changed signiÞcantly as a function of time (F ϭ 20.29; df ϭ 11, 99; P ϭ 0.0001). However, the mean rate of ßight take-off for the different densities tested in this experiment did not differ signiÞcantly at any of the time intervals monitored (F ϭ 0.63; df ϭ 22, 99; P ϭ 0.7188). There was no signiÞcant difference of overall ßight between beetle densities at the end of the 3 h (F ϭ 0.13; df ϭ 2, 9; P ϭ 0.8820).
Take-off rates obtained at acclimatized beetle densities of 8, 16, and 32 per release cone displayed a time pattern (Fig. 2B ) similar to the one demonstrated by unacclimatized beetles (Fig. 2A) . The dispersal rates per time period for acclimatized and unacclimatized beetles were not signiÞcantly different for any densities at time periods 15Ð30 (F ϭ 0.06; df ϭ 5, 27; P ϭ 0.9968), 30 Ð 45 (F ϭ 0.13; df ϭ 5, 27; P ϭ 0.9832), 45Ð 60 (F ϭ 2.18; df ϭ 5, 27; P ϭ 0.0860), and 60 Ð75 (F ϭ 0.92; df ϭ 5, 27; P ϭ 0.4820) or thereafter.
Discussion
The cumulative rate of adult Colorado potato beetle ßight take-off over a 3-h period did not change signiÞcantly with increasing insect densities under our experimental conditions. An average of 35.0% (SE Ϯ 5.64) of the adult beetle population in these experiments ßew from the release cone during the 3 h. Contrary to expectations, ßight take-off rates tended to decrease at the highest density tested. This was probably because adult beetles started to interfere with each other on top of the release cone while warming up their ßight muscles and extending their wings before take-off (Boiteau 2000) .
According to these results, observations of massive adult Colorado potato beetle dispersal should not be attributed directly to crowding but to other factors such as plant defoliation or absence of host plants. Of course, crowding might have a different inßuence on walking than on ßight, however, most long distance dispersal would be expected to take place by ßight.
With regards to the release of insects at a central point in a study plot there is the possibility of an initially high take-off rate in response to handling (Williams 1988) . Containment of the adult Colorado potato beetles for 1 h, in the ßight chamber, before the experiment allowed the adults to acclimatize to the release area and the surrounding temperature and light. The absence of differences in the ßight take-off pattern between this setup and the one without containment suggests that the data obtained were not inßuenced by handling.
In this study, adult Colorado potato beetles were fed before the ßight chamber tests but did not have access to food during the 3 h of each test. According to other authors (Caprio and GraÞus 1990, Weber and Ferro 1996) , starved beetles ßy more frequently than fed beetles. Contradictory to what has been suggested in the literature, the rate of ßight take-off decreased and leveled off as the amount of time without food was increased by 2 h. Furthermore, adult Colorado potato beetles that had a period of ßight prevention, without access to food for an hour before the test, displayed take-off rates similar to those of adult Colorado potato beetles without prior containment. Consequently, the observed pattern of dispersal by ßight was not in response to short duration starvation.
The intensity of adult Colorado potato beetle dispersal can be affected by beetle age. Voss and Ferro (1990b) reported that long distance dispersal ßights of short-day, adult Colorado potato beetles occur primarily at the end of the season when most adults are 7Ð13 old with a small portion being 14 Ð20 old. It is also known that age 11Ð16 postemergence is most favorable for dispersal by ßight in the Þeld. Our results show no effect of age, for long day CPB, on the take-off rate under optimal laboratory conditions. Furthermore, the absence of a relation between insect density and rate of take-off was independent of beetle age.
The mean rate of ßight take-off leveled off at 28 Ð 40% of the population in the Þnal third hour of the test. This suggests that a relatively consistent proportion of the Colorado potato beetle population disperses, irrespective of factors such as adult beetle density. Although the level of dispersal observed under laboratory ßight conditions is likely to be lower under Þeld conditions, these observations constitute valid evidence for the existence of a regular level of adult Colorado potato beetle dispersal. This is supported by the observations of Boiteau (2001) who showed that recruitment by ßight occurred at some level throughout the growing season. Even when an ample food supply is present, a small but noticeable number of beetles initiate ßight around midday when temperatures may be favorable for dispersal. It has been suggested by May and Ahmadd (1983) that these ßights may have developed due to the location of more widely dispersed endemic hosts than the cultivated potato.
Adult Colorado potato beetles evolved on isolated patches of wild host plants (Casagrande 1987 ). The population on any single patch could be as crowded as the population on any of the neighboring patches. Some of these patches of host plants may have been temporary or had different phenologies. The Colorado potato beetle may have adopted a survival strategy similar to the one suggested for other insects living on ephemeral host plants. For them, massive dispersal in response to density is not an ideal strategy for survival but instead it is preferable to have a fraction of the population that regularly disperses (Gadgil 1971 , Price 1997 . A regular dispersal combined with a massive dispersal in response to the absence of host plants would offer a suitable mechanism to minimize the collapse of the Colorado potato beetle population during catastrophic events.
